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Introduction
Malignant gliomas, including the most fatal form glioblastoma multiforme (gBM), remain challenging to treat due to their unresponsiveness to therapy. the current standard multimodal treatment approach for gBM involves maximal surgical resection followed by adjuvant radiotherapy with concomitant administration of chemotherapeutic agents, such as temozolomide 1, 2 . this regimen results in a median overall survival of only 15 months with a two-year survival rate of 26% 3, 4 . However, patients with methylated MgMt (methylguanine methyltransferase) promoter have a higher me-dian overall survival of 23.4 months with a twoyear survival rate of 48.9% 5 . After recurrence, rapid tumor progression results in a median progression free survival and overall survival of only nine weeks and 25 weeks, respectively, despite reoperation and attempting new chemotherapeutic agents 6 . Even with our increasing knowledge of gBM molecular biology and new molecular drug targets, the current treatment options remain ineffective 7 . However, promising new drugs are being evaluated, and new techniques have improved drug delivery through the blood brain barrier (BBB) 6, 8, 9 . In addition, novel microcatheters and other endovascular assistance devices have been developed within the last several years, and selective intra-arterial cerebral infusion (SIACI) techniques allow for an even more focused delivery of chemotherapeutic agents with less systemic toxicity [10] [11] [12] . this review will critically analyze existing preclinical and clinical studies of IA chemotherapy for malignant gliomas by comparing the technique, agents, and inclusion criteria with the ultimate aim to provide a basis for improving future studies.
Historical Note on Intra-Arterial Delivery
IA delivery of chemotherapeutic drugs for the adjuvant treatment of retinoblastoma and hepatic tumors such as hepatocellular carcinoma is well-established and has been shown to provide survival benefit for patients [13] [14] [15] . IA therapy for malignant brain tumors and especially, high-grade gliomas has been adminis-assistance and road-mapping control. In human trials, the SIACI technique allows for accurate and super selective targeting of the tumor's supplying vessels 11, 12, 17 . this is a remarkable advantage not seen with unselective IA infusion such as carotid or vertebral infusion, because the novel microcatheters allow a super selective exploration of specific cerebral vessels while potentially limiting neurotoxicity 24 . However, a higher drug-level in the corresponding brain region is not necessarily guaranteed because heterogeneous drug delivery may occur during chemotherapeutic delivery 25 . Heterogeneous delivery results in the infused drug being mixed insufficiently, and one arterial branch may be bypassed over another 26 . gobin et al. developed a concept of regional dosage based on the vascular territories using a spatial dose fractionation algorithm with a pulsatile delivery method 25 . With the help of this algorithm, the needed agent dose can be calculated based on the vascular perfusion of the vessel and may optimize IA drug delivery. Consequently, neurotoxicity as well as heterogeneous drug delivery can be minimized 25, 27 .
Osmotic Blood Brain Barrier Disruption for Enhanced Drug Delivery
A critical factor in IA drug delivery is the function of the BBB, since this barrier limits the uptake of molecules with a threshold of approximately 400-600 daltons into the brain tissue 28 . the uptake of higher molecular weight agents, such as monoclonal antibodies, which can be 150,000 daltons, is even further diminished. Preclinical 21, [29] [30] [31] [32] [33] and clinical studies 28, 34, 35 have shown that the BBB function can be reversibly modified to be more permeable leading to a significantly higher uptake of intraarterially delivered drugs compared to the nonaltered BBB 36 . for instance, hypertonic solutions such as mannitol can be used to reversibly increase cerebrovascular permeability 11, 28, [37] [38] [39] [40] . Rapoport et al. in 1980 investigated the necessary infusion time and concentration for disruption of the BBB, and reported this threshold to be 1.4 molar of infusate for 30 seconds of infusion or 1.0 molar for two minutes, respectively 31 . Optimum BBBd as measured by Evans Blue dye was achieved in rats infused intra-arterially with mannitol at 0.09 to 0.12 mL/s 41 . However, in humans, hypertonic solutions need to be used more judiciously to avoid tered since the 1950s and 1960s after the blood brain barrier (BBB) was described [16] [17] [18] . In 1921, Stern and gautier noted at autopsy that the brain of jaundice patients was not yellow like the rest of the body´s organs and hence the existence of the BBB was found. Klopp et al. and french et al. were the first to use and publish on IA chemotherapy for progressive malignant gliomas in humans and animals using intracarotid approaches 18, 19 . Klopp et al. in 1950 demonstrated that administration of a nitrogen mustard in repeated amounts lead to tumor regression in rabbits with extracranial xenografts 19 . However, in 1952, french et al. failed to show that nitrogen mustard delivered through a carotid approach had a therapeutic effect on patients and its delivery was associated with neurotoxicity. Several other IA attempts followed, but objective direct comparisons with the Iv administration were not performed. the advantages of IA drug administration were assessed in detail by Eckman et al. showing that IA infusion led to a higher tumor drug exposure compared to non-targeted tissue 20 . In the 1970s, Rapoport et al. and Neuwelt et al. began to improve IA drug delivery through the BBB by analyzing the effects of iatrogenic osmotic BBB disruption (BBBd) to increase the BBB's permeability 21, 22 . Rapoport et al. discovered the following: 1) barrier opening is reversible and is an all or nothing phenomenon occurring at high osmolality; 2) the osmotic agent acts independently of any specific drug, and 3) does not affect BBB endothelial cell membrane permeability directly, but rather the intercellular permeability. Multiple IA and BBBd studies followed, utilizing the "Seldinger technique" 23 in which microcatheters were threaded into the arterial vessels supplying the brain.
Selective Intra-Arterial Cerebral Infusion
due to the development of novel drugs and the emergence of new selective microcatheters and other endovascular devices, the IA technique has been actively revisited within recent years. the selective intra-arterial cerebral infusion (SIACI) technique requires a catheter, which is inserted into the femoral artery and ends in the carotid artery, and a separate microcatheter, inserted via the femoral catheter is used to selectively explore the vessels of interest. the insertion of the catheters in the angiographic suite is usually conducted with guidewire IA targeted brain tissue was 2.8 times higher compared to Iv administration 50 . In 1996, Hassenbusch et al. also confirmed the efficiency of IA infusion by treating normal brains of New Zealand White rabbits with BCNu 51 . With their findings, Neuwelt et al. demonstrated that nude rat provides the appropriate structural requirements to analyze IA therapy since they accept xenografts, are less susceptible to infections compared to nude mice, and are easier to maintain. However, the nude rat does not provide as good a growth medium for tumor xenografts compared to the mouse 48 . In multiple preclinical studies, different agents were tested, and a variety of clinical questions were addressed with regard to these xenograft rat models. for instance, Schuster et al. showed that IA delivery of 4-hydroperoxycyclophosphamide in athymic rats with glioma xenografts substantially increased the tumor drug levels and survival rates compared to Iv delivery 52 . Melphalan was found to have a statistically significant effect in anaplastic astrocytoma and glioblastoma multiforme in rat models after IA administration 53 and Remsen et al. analyzed the effect of IA carboplatin and melphalan with BBBd compared to animals previously treated with radiation and demonstrated a significant decrease in drug delivery after radiation 54 . However, melphalan did not show significant therapeutic effectiveness in human trials for malignant gliomas, although IA melphalan shows promising results in the treatment of intracranial lymphomas and retinoblastoma 40 . Boyel et al. infused vincristine transcarotically without BBBd and documented a lack of penetration of this agent in the post mortem brain tissue. Since vincristine is a small (molecular weight of 930) and lipophillic drug, it should result in a higher penetration through the BBB, which has been shown to pass lipophillic molecules with molecular weight of up to 65,000. In a 2009 study, sunitinib, a multi-targeted tyrosine kinase inhibitor, was combined with temozolomide for the treatment of brain tumor xenografts in rats. Zhou and gallo showed a significant increase of temozolomide concentration in brain tissue when combined with low dose sunitinib compared to high dose of sunitinib and temozolomide alone using IA administration 55 . However, this paper did not focus on the IA technique, and a proper IA treatment plan was not specified in the paper.
In summary, rodent animal models have been established within the last decade to fur-severe side-effects such as seizures and brain edema 34 . Since individual factors need to be taken into account, an exact formula of the concentration and infusion time is difficult to determine. In addition, the discrepancy of brain size between humans and rats (1200 g versus 1 g respectively) makes it difficult to implement preclinical results into human trials. In our experience using SIACI, a mannitol infusion rate of 0.083 mL/s for 120 seconds showed no associated morbidity or mortality 12 and induced an angiographically visible hypervascular blush after mannitol infusion and application of a contrast agent 28, 42 .
Intra-Arterial Cerebral Infusion of Chemotherapeutic Drugs
Obtaining preclinical data before initiating human trials is the norm in medicine to evaluate novel techniques. However, the turnover from preclinical to clinical studies in IA therapy was nearly instantaneous in the treatment of glioblastoma multiforme 19 . the reason for the rapid turnover might be due to the need for new promising treatment options to alleviate this dismal disease and the challenge to find a suitable and predictive preclinical model. In 1951, the first heterotransplantations of human brain tumor tissue into animals were done 43, 44 . However, attempts to implant and grow human tumors in the brains of animals have been inconsistent and not improved until the athymic nude mouse was successfully established in 1968 45 . this allowed for the study of the growth and behavior of tumor xenografts in vivo under controlled conditions 46, 47 .
Preclinical studies
Neuwelt et al. started to use these athymic rodent brain tumor models to assess IA administration of drugs with and without BBBd 32, 48, 49 . for instance, a study on nude rats with human tumor xenografts showed that IA administration of melphalan increased the tissue concentration of the agent up to fourfold in the tumor and up to 20 times in the surrounding area compared to Iv administration 48 . these results agree with a previous animal study using radiolabled agents to determine the pharmacokinetics of IA infusion. Levin et al. determined that the concentration of BCNu in the feun et al. suggested in their follow-up phase II trial that IA BCNu may cause severe leukoencephalopathy and blindness in the treated patients 65 . these findings were confirmed by tonn et al. and Kleinschmidt-deMasters et al.
showing evidence for a higher risk of local cerebral necrosis as well as leukoencephalopathy in treated patients 66, 67 . finally, it was Shapiro et al. who concluded in their randomized phase III trial comparing IA with Iv BCNu that IA BCNu is neither safe nor effective in prolonging patient survival 60 . Serious toxicity was observed in the IA-treated group including irreversible encephalopathy (9.5%) and ipsilateral visual loss (15.5%). these findings led to a decreased use of IA nitrosurea derivatives in future studies.
In contrast, platinum analogs showed fewer cerebral side effects in IA use 10, 27 . Neurotoxicity such as retinopathy was rare, especially after the introduction of selective IA infusion, which spares the ophthalmic artery. Manageable extracerebral side-effects such as myelosuppression or gastrointestinal disturbance were observed after IA carbo-/cisplatin infusion 68 . follézou et al. showed that carboplatin achieved a partial response in malignant glioma patients using a dose of 400 mg/m 2 68 , Clocchlatti et al. showed a 74% response rate after 250 mg/m 2 IA carboplatin infusion 69 and gobin et al. increased the carboplatin dose up to 1400 mg/ hemisphere in their dose-escalation study based on cerebral blood flow 27 .
using a selective intra-arterial pulsatile delivery via modern microcatheters and based on the local cerebral blood-flow estimation, the doses were escalated from 200 mg/hemisphere in 50 mg increments, and only one patient had a permanent neuromotor decline 27 . Newton et al. demonstrated that IA carboplatin with Iv etoposide had modest efficacy against recurrent gliomas with a median overall time to progression of 24.2 weeks and 32 weeks time to progression in the responsive group (20% of all patients).
the overall median survival was 34.2 weeks in this study 70 . Some multicenter studies had difficulty assessing the treatment success of carboplatin alone, since in each of these study patients had a variety of intracranial tumor pathologies and were treated with more than one IA drug 38, 39, 71 .
In summary, clinical IA trials using nitrosureas and platinum analogs have been shown to be safe, and side-effects are mostly reversible ther investigate IA infusion for malignant gliomas. However, one of the main pitfalls is the lack of a specified and consistent IA technique in these preclinical models. Rodent intracerebral IA infusion techniques use either the internal carotid artery through the external carotid artery by catheterization or by a direct puncture of the internal carotid artery with a cannula. Zink et al. recently developed selective microcatheters for rats, which can be either placed selectively into the internal carotid artery supplying a unilateral cerebral hemisphere or only into the supplying branches of the hypothalamus and lateral thalamus 56 . these catheters can be used in animals harboring brain tumor xenografts to test selective IA delivery. Recent success with rabbit models also holds promise for the effective pre-clinical testing of IA delivery.
Clinical studies
Patients with newly diagnosed as well as recurrent high-grade gliomas have been evaluated in the last few decades in several trials of IA and Iv chemotherapy as well as in combined treatment strategies 17, 38, 39, 57 with either singleagent 58, 59 or combined chemotherapeutic regimens 60, 61 (table 1) . Both administration routes were used as an adjuvant treatment only after attempted surgical resection in combination with or after radiation therapy. While Iv chemotherapy is usually repetitively administered depending on the treatment plan, the IA application has been more likely given as a singledose following another single repetition as needed or as an Iv continuation 12, 25, 39, 62 . Inclusion criteria for patients participating in IA trials include patients who have undergone surgery and who are in a favorable clinical condition. While some studies have included patients with a Karnofsky performance scale score (KPS) of 20 39 , the vast majority of clinical trials require a KPS of at least 60 25, 38 .
Nitrosurea derivates such as carmustine (BCNu) or nimustine (ACNu), platinum analogs (cis- and carboplatin), methotrexate, vincristine or novel antibodies such as bevacizumab have hitherto been tested only for their safety and efficacy in humans IA trials. Although IA nitrosurea derivatives seemed to be promising in the first human studies 63 
Future Directions: Targeted Agents and the Perivascular Cancer Stem Cell Niche
Novel targeted agents such as bevacizumab or cetuximab were recently introduced into clinical practice. Bevacizumab in combination with irinotecan has become the standard Iv treatment for recurrent malignant gliomas 72 . Although a reasonable response rate within the first few months after bevacizumab treatment and manageable. However, the efficacy of IA delivery of these agents is still not evident. for intracerebral lymphomas clinical trials have shown a benefit after IA methotrexate delivery 40 . However for the treatment of malignant gliomas standardized prospective phase III trials are needed to further assess the efficacy of these IA agents. furthermore, novel agents, which are used in standard Iv chemotherapy, need to be verified using IA delivery. Figure 1 Sketch of our hypothesis on selective intra-arterial niche disruption (SIANd) and delivery A) Initially the BBB is closed and tumor stem-like cells located in the perivascular niche release vEgf and express vEgfR-2 receptors. B) the microcatheter is placed in the tumor supplying vessel and mannitol followed by bevacizumab is infused through the microcatheter. this opens the BBB and bevacizumab is able to enter into the perivascular niche to bind soluble vEgf. C) After IA treatment the BBB recloses and bevacizumab is trapped in the perivascular niche. vEgf signaling from tumor cells is blocked and vEgf signaling is diminished. vacizumab remains in the area of interest and binds to vEgf that remains in the niche and acts on neighboring cells in an autocrine and paracrine fashion (figure 1). In our phase I trial with IA bevacizumab after BBBd, we showed that IA bevacizumab is safe up to a dose of 15 mg/kg 12, [78] [79] [80] . An ongoing phase II trial aims to assess the therapeutical effectiveness of repeated IA bevacizumab therapy. In addition, clinical trials with other agents to treat malignant gliomas such as temozolomide (temodar, Merck) (figure 2) and cetuximab (erbitux, ImClone Systems, Bristol-Myers Squibb, Merck) have been initiated at our center using the SIANd approach.
Conclusion
In the hands of an experienced team, IA chemotherapy has been demonstrated to be a safe procedure with potential therapeutic benefits for malignant gliomas, although it has not been proven to be superior to the standard Iv treatment of recurrent gBM. Since the introduction of selective IA chemotherapy with the use of selective microcatheters, the associated vascular and neurologic side-effects have significantly improved.
However, the paucity of phase III trials of IA chemotherapy precludes any meaningful interpretation of the efficacy of previous trials. future trials will help us predict the efficacy and therapeutic value of IA therapy. Better preclinical modeling will better quantify pharmacokinetics, as well as optimize dosages for both BBBd and for selective IA delivery in animal models of brain tumors. Radiolabeled drugs will likely play a role in obtaining this important information. using selective intra-arterial niche disruption (SIANd) and delivery to reach brain tumor stem-like cells in the perivascular niche still needs further study in both the pre-clinical setting and in human clinical trials to ascertain if the IA method provides a modality of accessing and treating resistant CSCs cells in malignant brain tumors.
was detected on neuroradiological post-treatment studies, patient survival did not significantly improve 73 . Many studies address this issue of "pseudoresponse" 74 . A possible reason of the lack of response may be found in the fact that bevacizumab is not sufficiently delivered through the BBB. the BBB pore size in malignant solid tumors has recently been determined to be about 12 nm 75 and bevacizumab with its size of 15 nm may be too large to penetrate through the BBB (personal communication, Moonsoo Jin, structural biologist, Cornell university, Ithaca, NY, uSA). Brain tumor stemlike cells (also called cancer stem cells) have been shown to be present in the perivascular niche and are thought to be the critical cells in tumor progression and recurrence. these cancer stem cells (CSCs) are known to secrete vEgf ligand and to express the vEgfR-2 receptor. Calabrese et al. showed that bevacizumab affects CSCs directly by inhibiting their ability of self-renewal leading to an arrest of brain tumor growth in mice 76 . Wang et al. recently showed that glioblastoma CSCs may differentiate into endothelial cell progenitors, which in turn become more mature endothelial cells 77 . the transition from endothelial cell progenitor to a mature endothelial cell was abrogated by bevacizumab therapy 77 . therefore, we hypothesize that an increase in the concentration of bevacizumab in this extravascular space may increase the therapeutic effect by inhibiting CSC -endothelial cell vEgf signaling in addition to its effect on intravascular vEgf. We propose that IA delivery with BBBd may be an ideal method to enter the extravascular space/perivascular niche. IA delivery with BBBd would allow for selective intra-arterial niche disruption (SIANd) and delivery of desired agents such as bevacizumab or cetuximab, which may not be able to pass the BBB due to its size 12 . We hypothesize that by using reversible BBBd with mannitol followed by SIACI of bevazicumab, vEgf-dependent CSCs in the perivascular niche would be exposed to a higher bevacizumab concentration than by standard Iv therapy. With reclosing of the BBB, be-
